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1 Erythropoietin (EPO) plays a significant role in the hematopoietic system, but the function of EPO
as a neuroprotectant and anti-inflammatory mediator requires further definition. We therefore
examined the cellular mechanisms that mediate protection by EPO during free radical injury in
primary neurons and cerebral microglia.

2 Neuronal injury was evaluated by trypan blue, DNA fragmentation, phosphatidylserine (PS)
exposure, Akt1 phosphorylation, Bad phosphorylation, mitochondrial membrane potential, and
cysteine protease activity. Microglial activation was assessed through proliferating cell nuclear antigen
and PS receptor expression.

3 EPO provides intrinsic neuronal protection that is both necessary and sufficient to prevent acute
genomic DNA destruction and subsequent membrane PS exposure, since protection by EPO is
completely abolished by cotreatment with an anti-EPO neutralizing antibody.

4 Extrinsic protection by EPO is offered through the inhibition of cerebral microglial activation and
the suppression of microglial PS receptor expression for the prevention of neuronal phagocytosis. In
regards to microglial chemotaxis, EPO modulates neuronal poptotic membrane PS exposure necessary
for microglial activation primarily through the regulation of caspase 1.

5 EPO increases Akt1 activity, phosphorylates Bad, and maintains neuronal nuclear DNA integrity
through the downstream modulation of mitochrondrial membrane potential, cytochrome c release,
and caspase 1, 3, and 8-like activities.

6 Elucidating the intrinsic and extrinsic protective pathways of EPO that mediate both neuronal
integrity and inflammatory microglial activation may enhance the development of future therapies
directed against acute neuronal injury.
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Introduction

Initially considered to mediate primarily the proliferation

and differentiation of erythroid progenitors, erythropoietin

(EPO) has emerged as a versatile growth factor that may

play a significant role in the nervous system. Both EPO

and the erythropoietin receptor EPOR are expressed

throughout the nervous system in neurons, endothelial

cells, and astrocytes in the cerebral cortex, hippocampus,

and the amygdala (Morishita et al., 1997; Nagai et al., 2001;

Chong et al., 2002b). In neuronal injury paradigms, EPO

has been shown to provide protection against toxic

insults, such as ischemia and free radical injury (Bernaudin

et al., 1999; Chong et al., 2002a; Wen et al., 2002). As a result,

EPO has been identified as a possible candidate in the

formulation of therapeutic strategies against neurodegenera-

tive diseases.

To further the development of EPO as a novel neuropro-

tectant against both acute and chronic neurodegenerative

disease, it is first critical to understand the cellular pathways

that may mediate neuronal injury and are subsequently

susceptible to modulation by EPO. Oxygen-free radicals, such

as nitric oxide (NO), have been established as significant

precipitants of neuronal degeneration (Maiese & Vincent,

2000; Anderson et al., 2001). NO can trigger the induction of

two independent apoptotic pathways that consist of nuclear

DNA degradation and the exposure of membrane phospha-

tidylserine (PS) residues (Maiese & Vincent, 2000; Dumont

et al., 2001; Lin & Maiese, 2001). Although DNA degradation
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in neurons may immediately impact cellular integrity (Jessel

et al., 2002), the exposure of membrane PS residues in neurons

can precipitate a latent cellular inflammation (Dombroski

et al., 2000) and microglial phagocytosis of viable neurons

(Maiese & Vincent, 2000; Hoffmann et al., 2001).

Several downstream cellular pathways may ultimately

determine the protective role of EPO. In particular, the

serine/threonine kinase Akt1, a key determinant of cell

survival, appears to be necessary for EPO to prevent apoptosis

of erythroid progenitors (Uddin et al., 2000). Once activated

through phosphorylation, Akt1 can inhibit the activity of

several substrates that promote apoptosis, such as Bad

(Blume-Jensen et al., 1998), IkB kinase a (IKKb) (Romashko-

va & Makarov, 1999), the forkhead transcription factor

(FHKRL1) (Brunet et al., 1999), and the glycogen synthase

kinase-3b (Cross et al., 1995).

The protective role of Akt1 also may be dependent upon the

preservation of mitochondrial membrane integrity and the

modulation of cysteine protease activity through cytochrome

c. The protein Akt1 may serve to stabilize mitochondrial

membrane potential and prevent the release of cytochrome c

(Kennedy et al., 1999). Cellular release of NO can directly lead

to mitochondrial membrane depolarization and the opening of

mitochondrial permeability transition pores (Bal-Price &

Brown, 2000; Chong et al., 2002a). As a result, cytochrome c

is released from mitochondria and subsequently leads to the

activation of a family of cysteine proteases (caspases) that

include caspase 8, caspase 1, and caspase 3. Together, these

cysteine proteases can lead to both DNA fragmentation and

membrane PS exposure (Lin & Maiese, 2001; Mandal et al.,

2002). Given the strong neuroprotective potential of EPO, we

investigated the underlying cellular mechanisms controlled by

EPO that may determine both the maintenance of neuronal

cellular integrity and the inhibition of microglial activation to

gain greater insight for the development of future neurode-

generative therapeutic strategies.

Methods

Primary hippocampal neuronal cultures

The hippocampi were obtained from E-19 Sprague–Dawley rat

pups and incubated in dissociation medium (90mm Na2SO4,

30mm K2SO4, 5.8mm MgCl2, 0.25mm CaCl2, 10mm kynure-

nic acid, and 1mm HEPES with the pH adjusted to 7.4)

containing papain (10Uml�1) and cysteine (3mm) for two 20-

min periods. The hippocampi were then rinsed in dissociation

medium and incubated in dissociation medium containing

trypsin inhibitor (10–20Uml�1) for three 5-min periods. The

cells were washed in growth medium (Leibovitz’s L-15

medium, Gibco BRL, Gaithersburg, MD, U.S.A.) containing

6% sterile rat serum (ICN, Aurora, OH, U.S.A.), 150mm

NaHCO3, 2.25mgml�1 of transferrin, 2.5mgml�1 of insulin,

10 nm progesterone, 90mm putrescine, 15 nm selenium, 35mm

glucose, 1mm l-glutamine, penicillin and streptomycin

(50mgml�1), and vitamins. The dissociated cells were plated

at a density of B1.5� 103 cellsmm�2 in 35-mm polylysine/

laminin-coated plates (Falcon Labware, Lincoln Park, NJ,

U.S.A.). Neurons were maintained in growth medium at 371C

in a humidified atmosphere of 5% CO2 and 95% room air for

2 weeks.

Microglia cell cultures, assessment of microglial activa-
tion, and the microglial phosphatidylserine receptor
(PSR)

Microglia were obtained from the cerebral cortex of E-19

Sprague–Dawley rat pups (Giulian & Baker, 1986). Briefly,

cerebral cortex cells were mechanically dissociated with

Dulbecco’s modified Eagle’s Medium (DMEM/F-12) (Gibco

BRL, Gaithersburg, MD, U.S.A.) containing 10% fetal bovine

serum (ICN, Aurora, OH, U.S.A.) and subsequently seeded in

75-cm2 plastic flasks at a density of 8.5� 106 cells per flask.

Microglia were purified from mixed cultures with rotary

shaking at 180 rpm for 15 h and then re-seeded at 105 cellsml�1

for cell adhesion of 3 h duration to yield an almost pure

preparation of microglia (98%). Microglial cells were identi-

fied by a-naphthyl acetate esterase (Sigma, St Louis, MO,

U.S.A.). Microglia were conditioned for 3 h by media from

neurons 24 h following NO exposure. Proliferating cell nuclear

antigen (PCNA) staining for microglial activation (Williams

et al., 2002) was performed with anti-mouse monoclonal

antibody against PCNA (1 : 100) conjugated with biotinylated

anti-mouse IgG (1 : 50) (Calbiochem, San Diego, CA, U.S.A.)

and visualized through fluorescein avidin (1 : 50) (Vector

Laboratories, Burlingame, CA, U.S.A.). For detection of

microglial PSR (Hoffmann et al., 2001), microglia were

incubated 12 h following exposure to neuronal media with

mouse anti-human PSR (Cascade Bioscience, Winchester,

MA, U.S.A.) overnight at 41C. Biotinylated anti-mouse

antibody was used as a secondary antibody (1 : 50) and

subsequently visualized through fluorescein avidin (1 : 50)

(Vector Laboratories, Burlingame, CA, U.S.A.).

Experimental treatments

NO administration was performed by replacing the culture

media with media containing sodium nitroprusside (SNP)

(300mm) (Sigma, St Louis, MO, U.S.A.) or 6-(2-hydroxy-1-

methyl-2-nitrosohydrazino)-N-methyl-1-hexanamine (NOC-9)

(300mm) (Calbiochem, San Diego, CA, U.S.A.) as per the

experimental paradigm (Maiese & Vincent, 2000). More than

one NO generator was used as a control to demonstrate that

the neurons were responding to NO rather than to other by-

products of these agents. During both pre- and post-paradigm

applications, EPO or the EPO antibody (R&D Systems,

Minneapolis, MN, U.S.A.) application was continuous.

Phosphatidylinositol-3-kinase (PI-3K) inhibition of Akt1

PI-3K inhibition was performed by administering wortmannin

(Calbiochem, La Jolla, CA, U.S.A.) or LY294002 (Tocris,

Ellisville, MO, U.S.A.) (Norman et al., 1996). Wortmannin or

LY294002 was added directly to the cultures 1 h prior to NO

application and the treatment of PI-3K inhibition was

continuous.

Assessment of neuronal survival

Hippocampal neuronal injury was determined by bright-field

microscopy using a 0.4% trypan blue dye exclusion method 24h

following NO exposure as per our previous protocols (Lin et al.,

2000). Neurons were identified by morphology and the mean

survival was determined by counting eight randomly selected
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nonoverlapping fields with each containing approximately

10–20 neurons (viable + nonviable) in each 35mm2 Petri dish.

Assessment of DNA fragmentation

Genomic DNA fragmentation was determined by the terminal

deoxynucleotidyl transferase nick end labeling (TUNEL) assay

(Lin et al., 2000; Maiese & Vincent, 2000). Briefly, neurons were

fixed in 4% paraformaldehyde/0.2% picric acid/0.05% glutar-

aldehyde and the 30-hydroxy ends of cut DNA were labeled with

biotinylated dUTP using the enzyme terminal deoxytransferase

(Promega, Madison, WI, U.S.A.) followed by streptavidin-

peroxidase and visualized with 3,30-diaminobenzidine (Vector

Laboratories, Burlingame, CA, U.S.A). The mean number of

cells positive for TUNEL was determined by counting eight

randomly selected nonoverlapping fields with each containing

approximately 20 cells (TUNEL (+) + TUNEL (�)).

Assessment of membrane PS residue externalization

As per our prior protocols (Lin et al., 2000; Maiese & Vincent,

2000), a 30 mgml�1 stock solution of annexin V conjugated to

phycoerythrin (PE) (R&D Systems, Minneapolis, MN,

U.S.A.) was diluted to 3 mgml�1 in warmed calcium-containing

binding buffer (10mm HEPES, pH 7.5, 150mm NaCl, 5mm

KCl, 1mm MgCl2, 1.8mm CaCl2). Plates were incubated with

500 ml of diluted annexin V for 10min. Images were acquired

with ‘blinded’ assessment with a Leitz DMIRB microscope

(Leica, McHenry, IL, U.S.A.) and a Fuji/Nikon Super CCD

(6.1 megapixels) using transmitted light and fluorescent single

excitation light at 490 nm and detected emission at 585 nm.

The mean number of cells positive for membrane PS exposure

was determined by counting eight randomly selected non-

overlapping fields with each containing approximately 20 cells

(PS (+) + PS (�)).

Immunocytochemistry for EPO and the EPOR

For detection of EPO and the EPOR, neurons were fixed in

4% paraformaldehyde, blocked with horse serum, and then

incubated with primary rabbit polyclonal antibody against

EPO (H-162; 1 : 1000) or EPOR (C-20; 1 : 1000) (Santa Cruz

Biotechnologies, Santa Cruz, CA, U.S.A.) overnight at 41C.

Biotinylated horse anti-rabbit antibody was used as a

secondary antibody (1 : 100). ABC reagent was applied to

detect EPO and EPOR with 3,30-diaminobenzidine (Vector

Laboratories, Burlingame, CA, U.S.A.). Absence of primary

antibodies was used as an initial negative control. The

specificity of the antibodies were previously confirmed by

prior studies (Acs et al., 2001). In addition, the specificity of

the immunoreactivities for the antibodies was evaluated with

antibody absorption tests. The primary antibody against EPO

was preincubated with EPO (10:1 peptide:antibody ratio,

Santa Cruz Biotechnology, CA, U.S.A.) or the primary

antibody against EPOR was preincubated with blocking

peptide for EPOR (Santa Cruz Biotechnologies, Santa Cruz,

CA, U.S.A.). This resulted in the complete abolition of

immunocytochemical staining for EPO and the EPOR.

Assessment of mitochondrial membrane potential

The fluorescent probe JC-1 (Molecular Probes, Eugene,

OR, U.S.A.) was used to assess the mitochondrial mem-

brane potential (Chong et al., 2002a). Neurons in 35-mm

plates were incubated with 2mgml�1 JC-1 in growth medium

for 30 min. After washing, neurons were analyzed immediately

under a Leitz DMIRB microscope (Leica, McHenry, IL,

U.S.A.) with a dual-emission fluorescence filter with 515–

545 nm for green fluorescence and emission at 585–615 nm

for red fluorescence. The relative ratio of red/green fluore-

scent intensity of mitochondrial staining was measured in

four independent experiments by counting eight randomly

selected nonoverlapping fields with each containing approxi-

mately 20 cells.

Assessment of cysteine protease activity

At specific times following NO exposure, cysteine protease

activities were determined as previously described (Lin et al.,

2000; Chong et al., 2002a). Cell suspensions were prepared

and an aliquot of supernatant containing 30mg protein

was incubated with a 250mm colorimetric substrate for

caspase 8 (Ac-IETD-pNA), caspase 1 (Ac-YVAD-pNA),

or for caspase 3 (Ac-DEVD- pNA) (Calbiochem, San

Diego, CA, U.S.A.). Absorbance was measured at 405 nm

and substrate cleavage reported in micromoles per minute

per gram protein (mmolmin�1 g�1) against standard p-nitroani-

line solutions.

Modulation of cysteine protease activity

Modulation of cysteine protease activity in neurons was

performed by using the irreversible and cell-permeable caspase

inhibitors (50 mm 1 h prior to NO exposure) Z-IETD-FMK for

caspase 8 (IETD), Z-YVAD-FMK (YVAD) for caspase 1, and

Z-DEVD-FMK (DEVD) for caspase 3 obtained from

Pharmingen Inc (Livermore, CA, U.S.A.).

Western blot analysis for Akt1 and Bad phosphorylation
and cytochrome c release

Cells were homogenized and following protein determination,

each sample (50 mg per lane) was then subjected to 7.5%

(Akt1) or 12.5% (Bad, cytochrome c) SDS-polyacrylamide

gel electrophoresis. The membranes were incubated with a

mouse monoclonal antibody against the active form of

Akt1 (phospho-Akt1, Ser 473, 1 : 1000) (Active-Motif,

Carlsbad, CA, U.S.A.), a goat polyclonal antibody

against phosphorylated Bad (p-Bad, Ser 136, 1 : 100)

(Santa Cruz Biotechnologies, Santa Cruz, CA, U.S.A.)

and a mouse monoclonal antibody against cytochrome c

(1 : 2000) (Pharmingen, San Diego, CA, U.S.A.). After

washing, the membranes were incubated with a horseradish

peroxidase conjugated secondary antibody (goat anti-

mouse IgG, 1 : 2000) (Pierce, Rockford, IL, U.S.A.) or

rabbit anti-goat IgG (1 : 5000) (Santa Cruz Biotechnologies,

Santa Cruz, CA, U.S.A.). The antibody-reactive bands

were revealed by chemiluminescence (Amersham Pharmacia

Biotech).

Preparation of mitochondria for the analysis of cyto-
chrome c release

As per our prior protocols (Chong et al., 2002a), after washing

once with ice-cold PBS, cells were harvested and resuspended
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in buffer A (20mm HEPES, pH 7.5, 10mm KCl, 1.5mm

MgCl2, 1mm EDTA, 1mm EGTA, 1mm dithiothreitol, 0.1

phenylmethylsulfonylfluoride) containing 250mm sucrose. The

cells were homogenized and then centrifuged twice at 750� g

for 10min at 41C. The harvested supernatants were centrifuged

at 10,000� g for 10min and the cytosolic fraction was

centrifuged at 50,000� g for 60min at 41C.

Statistical analysis

For each experiment involving assessment of neuronal cell

survival, DNA degradation, membrane PS exposure, mito-

chondrial membrane potential, and caspase activity, the mean

and standard error were determined from four to six replicate

experiments. Statistical differences between groups were

assessed by means of analysis of variance (ANOVA) with the

post hoc Student’s t-test. Results are expressed as the mean 7
s.e. Statistical significance was considered at Po0.05.

Results

EPO and the EPOR are constitutively expressed in
neurons, but expression of the EPOR is diminished during
NO exposure

Neurons were exposed to the NO donors NOC-9 (300 mm) or
SNP (300 mm) and expression of EPO and the EPOR was

assessed 24 h later with immunocytochemistry. In untreated

control neurons not exposed to a NO donor, both endogenous

EPO and the EPOR were present in all neuronal populations

examined (Figures 1A and B). Application of NO did not

significantly alter the expression of EPO when examined at 24-

h following NO application (Figures 1A and B). In contrast,

expression of the EPOR was significantly altered over a 24-h

time period and was decreased by approximately 45% when

compared to untreated control neurons (Figures 1A and B).

EPO provides neuroprotection during pre- and post-
treatment protocols that is concentration and time
dependent

Increasing concentrations of EPO (0.001–100Uml�1) were

administered directly to cultures and cell survival was

evaluated by a trypan blue dye exclusion method 24 h later

to examine the possible toxicity of EPO in neurons. No

significant toxicity over a 24 h period was present in the

cultures exposed to EPO in the concentrations of 0.001–

100Uml�1 (data not shown). Neuronal survival was signifi-

cantly reduced to 3373% following exposure to NOC-9

(300mm) and to 30 7 3% following exposure to SNP (300 mm)
when compared with untreated control cultures (8273%,

Po0.01) (Figure 1C). In contrast, application of EPO with the

concentrations of 0.01–10Uml�1 significantly increased neu-

ronal survival. A concentration of EPO of 1Uml�1 achieved

the maximum neuronal survival (7572%, NOC-9; 7273%,

SNP), but concentrations lower than 0.01Uml�1 or higher

than 10Uml�1 did not improve neuronal survival during NO

exposure.

We next assessed whether changes in the temporal admin-

istration of EPO altered its protective ability during free

radical exposure. As shown in Figure 1D, EPO applied at 2, 4,

and 6 h following NO exposure significantly increased

neuronal survival from 3174% (NO alone) to 6475%

(Po0.01), 5875% (Po0.01), and to 5172% (Po0.01),

respectively. In contrast, posttreatment with EPO at 12 h

following NO exposure did not increase neuronal survival. The

time of pretreatment of EPO also altered neuronal survival.

EPO applied at time points closest to the application of NO

yielded the greatest protection (Figure 1E). For example,

administration of EPO at 1 h prior to NO exposure generated

the highest levels of neuronal survival (74 7 2%, Po0.01).

EPO applications that were provided at 14 h (5576%,

Po0.01) and 24 h (4572%, Po0.01) continued to signifi-

cantly increase neuronal survival when compared to neurons

exposed to NO only (30 7 3%), but the efficacy of EPO to

increase neuronal survival during these time periods was

reduced (Figure 1E). In Figures 1D and E, data for the two

NO donors was combined since no significant differences in

cell injury were present between the two agents (see Figure 1C).

EPO is necessary and sufficient for neuronal protection

Administration of an antibody to EPO (EPO Ab) in a series of

concentrations of 0.01–2.00mgml�1 did not significantly alter

neuronal survival when compared to untreated control

cultures (data not shown). In studies using NO (NOC-9 or

SNP, 300mm) as the toxic agent, application of the EPO Ab

(2 mgml�1) also did not alter neuronal survival when compared

to cultures treated with NO alone, suggesting that constitutive

expression of EPO is not sufficient to offer neuronal protection

(Figure 2a).

We next examined whether specific antagonism against

exogenous EPO application with the EPO Ab could neutralize

the protective capacity of EPO during NO exposure. In the

presence of the EPO Ab, the concentrations of EPO Ab of

0.50, 1.00, and 2.00mgml�1 significantly decreased the

protective capacity of EPO, yielding neuronal survivals of

5274% (Po0.01), 4674% (Po0.01), and 4176% (Po0.01),

respectively (Figure 2b).

EPO prevents DNA fragmentation and membrane PS
exposure in neurons

At 24 h following NO exposure (NOC-9 or SNP, 300 mm),
nuclear chromatin condensation was observed in neurons

(Figure 3A). In contrast, neurons pretreated with EPO

(1Uml�1) 1 h prior to NO exposure were without nuclear

fragmentation. As shown in Figure 3Aa, NO resulted in a

significant increase in percent DNA fragmentation (6973%)

when compared to untreated control cultures (1871%). DNA

fragmentation was reduced to 3276% in the neuronal cultures

during the application of EPO over a 24 h period.

In Figure 3B, NO exposure resulted in the marked induction

of membrane PS exposure that is present throughout the

membrane of neurons. Administration of EPO (1Uml�1) 1 h

prior to NO prevented the externalization of membrane PS

residues in neurons. In Figure 3Bb, a significant increase in

membrane PS residue exposure was observed in neuronal

cultures at 24 h following NO (7175%) when compared to

untreated control cultures (1174%). Application of EPO

(1Uml�1) 1 h prior to NO significantly inhibited externaliza-

tion of membrane PS residues to 2975% at 24 h following NO

exposure.
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EPO inhibits microglial activation in neurons and
expression of the PSR in microglia

At 24 h following exposure to NO (NOC-9 or SNP, 300mm),
media from neuronal cultures were applied to pure cultures of

microglia. Following 3 h of incubation, microglial activation

was assessed through PCNA (Williams et al., 2002) expression

and PSR expression. In Figure 4a, representative microglial

cultures illustrate a marked induction of microglial activation

during treatment with media from neuron cells as evidenced by

significant PCNA expression. To a similar degree, treatment of

microglia cultures with NO-exposed neuronal media had a

significant increase in PSR expression when compared to

microglia treated with neuronal media not exposed to NO

(control). In contrast, administration of EPO (1Uml�1) 1 h

prior to NO prevented both PCNA expression and PSR

expression in microglia.

In Figure 4b, quantitation of PCNA and PSR labeling

revealed that a significant expression in PCNA (7174%) and

PSR (7275%) was present in microglia cultures following the

application of NO-treated media when compared to untreated

control cultures (2473%, PCNA; 3773%, PSR). Application

of media from cells with EPO (1Uml�1) 1 h prior to NO

administration resulted in significantly less microglial activa-

tion with reduced PCNA (3075%) expression and PSR

(4576%) expression. Administration of EPO (1Uml�1) alone

to microglia cultures did not significantly alter PCNA

expression or PSR expression when compared to untreated

control cultures (data not shown).

Neuronal protection by EPO is dependent on the enhanced
activity of Akt1 and the phosphorylation of Bad

Western blot analysis was performed for phospho-Akt1

(activated form of Akt1, p-Akt1) 12 h following NO exposure.

In Figure 5A, EPO and NO (NOC-9 or SNP, 300 mm)
independently increased the expression of p-Akt1. This

increased expression of p-Akt1 was blocked by the agents

wortmannin (100 nm), specifically inhibits Akt1 phosphoryla-

tion (Norman et al., 1996), and LY294002 (10 mm). In

combination with NO exposure, EPO continued to enhance

the expression of p-Akt1 (Figure 5B). Increased expression
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Figure 1 Protection by EPO is concentration and time dependent during diminished expression of the EPOR during NO exposure.
(A) Primary hippocampal neuronal cultures were subjected to immunocytochemical detection for EPO (Aa, Ab) and the EPOR (Ac,
Ad) by using a rabbit primary polyclonal anti-EPO and anti-EPOR antibodies. For EPO and EPOR detection, representative
images are displayed for control cells (untreated neurons) (Aa, Ac) and for cells 24 h following exposure to the NO donor NOC-9
(300 mm) in the adjacent panels (Ab, Ad). (B) Quantitation of the percentage of neurons expressing EPO or the EPOR at 24 h
following exposure to either NOC-9 (300 mm) or SNP (300 mm) is shown (*Po0.01 vs untreated control). (C) Neurons were
pretreated with EPO (0.001–100Uml�1) 1 h prior to exposure to a NO donor (NOC-9 or SNP, 300 mm) and cell survival was assessed
24 h later. Protection of EPO against NO toxicity was evident in cultures with EPO (0.01–10Uml�1) when compared with cultures
exposed to NO alone (*Po0.01 vs NO treated alone). (D) Protection of EPO was evident in post-treatment paradigms during NO
toxicity. Neurons were treated with EPO (1Uml�1) at 2, 4, 6, and 12 h following NO exposure (NOC-9 or SIN-1, 300mm). Post-
treatment with EPO at 2, 4, and 6 h following NO exposure increased neuronal survival significantly 24 h following NO exposure
(*Po0.01 vs NO treated alone). (E) EPO (1Uml�1) was pre-administered at 1, 3, 6, 14, and 24 h prior to NO exposure and neuronal
survival was assessed 24 h following NO application (NOC-9 or SNP, 300mm). Administration of EPO at 1, 3, and 6 h prior to NO
exposure generated the highest levels of neuronal survival, but EPO applications provided at 14 and 24 h resulted in decreased
efficacy for neuroprotection by EPO (*Po0.01 vs NO treated alone; wPo0.01 vs 24 h pretreated group). In (B, D, E), to simplify the
figures, the results for the two NO donors were combined.
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of p-Akt1 by EPO was blocked by wortmannin (100 nm)

and LY294002 (10 mm). In Figure 5C, application of EPO

(1Uml�1) 1 h prior to NO exposure significantly increased

neuronal survival to 6874%. Yet, coapplication of

wortmannin (100 nm) or LY294002 (10 mm) at a concentration

that blocks activation of p-Akt1 during NO exposure

(Figures 5A and B) with EPO (1Uml�1) significantly reduced

the ability of EPO to protect neurons against free radical

injury, suggesting that EPO required some level of Akt1

activation to offer neuroprotection. Application of EPO and

wortmannin (100 nm) or LY294002 (10 mm) without NO

exposure was not toxic to neurons, but enhanced injury during

NO exposure, suggesting that endogenous Akt1 activation

provides a small level of protection during toxic insults

(Figure 5C).

Since wortmannin and LY294002 function at the level of PI-

3K and may not directly inhibit Akt1 phosphorylation, we also

examined whether EPO altered the phosphorylation of Bad, a

downstream substrate of Akt1 at Ser136 (Blume-Jensen et al.,

1998). Western blot analysis was performed for phosphory-

lated Bad (p-Bad) 3 h following NO exposure. In Figure 5D,

EPO significantly increased the phosphorylation of Bad.

Exposure to NO (NOC-9 or SNP, 300mm) also increased

Bad phosphorylation, but to a lesser degree than compared to

EPO. In combination with NO exposure, EPO significantly

enhanced the phosphorylation of Bad (Figure 5D). Phosphor-

ylation of Bad by EPO was blocked by wortmannin (100 nm)

either with or without NO exposure.

EPO prevents mitochondrial membrane depolarization
and the release of cytochrome c during NO exposure

Exposure to NO (NOC-9 or SNP, 300mm) produced a

significant decrease in the red/green fluorescence intensity
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Figure 3 EPO prevents DNA fragmentation and externalization of
membrane PS residues in neurons. (A) Neurons were exposed to NO
(NOC-9 or SNP, 300mm) and DNA fragmentation was determined
24 h later using the TUNEL assay. Pretreatment with EPO
(1Uml�1) decreased DNA fragmentation significantly during NO
exposure (*Po0.01 vs NO, panel Aa). (B) Neurons were labeled
with annexin V PE to visualize PS exposure 24 h following exposure
to NO (NOC-9 or SNP, 300 mm) and were imaged using transmitted
(T) light and corresponding fluorescence (F) images of the same
microscopy field. Pretreatment with EPO (1Uml�1) 1 h prior to NO
significantly prevented membrane PS externalization (*Po0.01.3 vs
NO, panel Bb). In (Aa) and (Bb), to simplify the figures, the results
of the two NO donors were combined. In all cases, control ¼
untreated neurons.
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ratio using a cationic membrane potential indicator JC-1

within 3 h when compared with untreated control cultures

(Figures 5E and 5F), suggesting that NO results in mitochon-

drial membrane depolarization. Application of EPO (1Uml�1)

1 h prior to NO exposure significantly increased the red/green

fluorescence intensity of the neurons, indicating that mito-

chondrial permeability transition pore membrane potential

was restored to baseline (Figures 5E and 5F). Administration

of EPO (1Uml�1) 1 h prior to NO maintained mitochondrial

permeability transition pore membrane function and pre-

vented mitochondrial cytochrome c release as demonstrated by

Western analysis (Figure 5G).

EPO protects neurons from DNA fragmentation and PS
exposure through the modulation of caspase 8, caspase 1,
and caspase 3 - like activities

In Figure 6a, EPO (1Uml�1) was applied to the neuronal

cultures 1 h prior to a NO donor (NOC-9 or SNP, 300mm) and

data for caspase 8, caspase 1, and caspase 3 activities were

obtained 12 h post-NO exposure, since this time period

represented the peak activities for these cysteine proteases

(Lin et al., 2000, Lin & Maiese, 2001). Administration of EPO

significantly decreased caspase 8-like activity to 0.087
0.04mmolmin�1 g�1 (Po0.01). Similarly, EPO pre-treatment

significantly reduced the activity of caspase 1-like activity

(0.1470.02mmolmin�1 g�1) and caspase 3-like activity (0.077
0.01mmolmin�1 g�1) when compared to cultures treated with

NO alone (0.5670.05 and 0.3670.03mmolmin�1 g�1, respectively).

To further address the relation between protection of EPO

and caspase activity, we examined the ability of caspase

inhibitors combined with EPO to prevent NO-induced

neuronal injury (Figure 6b). Coapplication of EPO with either

the caspase 8-like inhibitor (IETD), caspase 1-like inhibitor

(YVAD), or the caspase 3-like inhibitor (DEVD) did not

provide a synergistic level of protection against NO free radical

injury, suggesting that cytoprotection by EPO employs similar

pathways that inhibit caspase 8-, caspase 1-, and caspase 3-like

activities.

We next examined whether the induction of caspase

1-, caspase 3-, and caspase 8-like activities were required for

NO-induced cell injury through neuronal DNA fragmentation

and membrane PS exposure. As shown in Figure 6c, neurons

exposed to NO (NOC-9 or SNP, 300 mm) resulted in neuronal

DNA fragmentation of 6577%. Pretreatment of neurons with

50 mm of YVAD, DEVD, and IETD to inhibit caspase 1-,

caspase 3-, and caspase 8-like activities significantly decreased

DNA fragmentation to 3773, 2573, and 2972%, respec-

tively. In addition, inhibition of caspase 1 (YVAD/NO),

caspase 3 (DEVD/NO), or caspase 8 (IETD/NO) activities

maintained cellular membrane asymmetry and significantly

prevented PS externalization (Figure 6d). NO exposure (NOC-

9 or SNP, 300 mm) in neurons resulted in a membrane PS

exposure of 6475%. Although inhibition of each of the

caspases significantly decreased membrane PS exposure to

2473% (caspase 1), 5273% (caspase 3), and 3074%

(caspase 8), modulation of caspase 1 was most effective in

preventing the induction of membrane PS exposure.

Discussion

Interest in EPO as a novel neuroprotectant for the central

nervous system disease continues to gain significant momen-

tum. Yet, it is the knowledge of the underlying cellular

mechanisms employed by EPO that will serve to lay the

foundation for future drug development against neurodegen-

erative disorders. As a result, we identified some of the cellular

pathways modulated by the novel neuroprotectant EPO that

were critical for protection against neuronal apoptosis and

neuronal phagocytosis.

The expression of either endogenous brain EPO or the

EPOR in neurons during free radical injury has not been

investigated. We demonstrate that EPO and the EPOR are

constitutively expressed in primary neurons and that only the

expression of the EPOR is altered over a 24-h time period

following NO application. Expression of the EPOR becomes

significantly decreased by approximately 45% over a following

24 h course. As a result, the ability of EPO to offer neuronal

protection following a toxic insult may be linked to the

temporal presence of EPO and its receptor.
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Figure 4 EPO protects against microglial activation and microglial
PSR expression during NO exposure. Pure microglial cultures were
treated for 3 h with media with or without 1 h EPO (1Uml�1)
pretreatment that had been exposed to NO (NOC-9 or SNP, 300 mm)
24 h prior. (a) A representative image illustrates that PCNA or PSR
expression was significantly increased in microglia treated with
media from NO exposed neurons. In contrast, PCNA expression or
PSR expression was significantly less in microglia treated with media
from EPO (1Uml�1) and NO-treated neurons. (b) PCNA expression
or PSR expression in microglia treated with media from NO-
exposed neurons was significantly increased, but PCNA or PSR
expression was significantly diminished in microglia treated with
media from EPO (1Uml�1) and NO-treated neurons EPO/NO vs
NO, *Po0.01). To simplify the figures, the results of the two NO
donors were combined. Control ¼ cultures without NO exposure.
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Neuroprotection with EPO was achieved only in a limited

concentration range that is dependent upon the temporal

exposure of EPO. Concentrations of EPO less than 0.01Uml�1

or greater than 10Uml�1 did not enhance neuronal survival

during free radical exposure. This concentration range for

neuroprotection with EPO is similar to other injury paradigms

in both in vitro (Wen et al., 2002) and in vivo models (Grasso

et al., 2002) that illustrate a tight therapeutic concentration

range for EPO.

Posttreatment strategies with EPO illustrate that neuronal

injury is reversible in nature, but resides in a fixed time frame.

Our results suggest that EPO, within a 6 h period after the

onset of a toxic exposure, can modulate critical cellular

pathways prior to the induction of cellular mechanisms that

can destine a cell to die. This fixed time frame for protection by

EPO most likely coincides with the progressive induction of

secondary cellular pathways during this 6 h time span, such as

cytochrome c release (Figure 5) and cysteine protease

induction in neurons (Figure 6) (Uehara et al., 1999; Lin &

Maiese, 2001; Chong et al., 2002a). Furthermore, prolonged

administration of EPO during acute injury paradigms also

reduces the ability of EPO to provide neuroprotection. We

show that with preadministration of EPO, the greatest

neuronal survival was achieved with administration periods

closest to the application of NO exposure, such as at 1, 3, and

6 h prior to NO administration. Several factors may determine

both the concentration and temporal parameters that regulate

the neuroprotective ability of EPO. During chronic adminis-

tration, EPO can result in the formation of anti EPO

antibodies (Casadevall et al., 2002) and decrease the expression

of the EPOR on the cell surface (Verdier et al., 2000). As a

result, biological function of EPO can be blocked at any

concentration level.

The presence of constitutive EPO in neurons appears to be

insufficient to provide a significant level of neuronal protec-

tion. Yet, application of exogenous EPO is both necessary and

sufficient to protect neurons from NO-induced injury. In the

presence of NO exposure, application of the EPO Ab, which

can bind to EPO and block its biological activities in neurons

(Koshimura et al., 1999), did not alter neuronal survival when
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Figure 5 Neuronal protection by EPO is mediated by the activation of Akt1, phosphorylation of Bad, and the prevention of
mitochondrial membrane depolarization and cytochrome c release. In (A) and (B), equal amounts of neuronal protein extracts
(50mg per lane) were immunoblotted with antiphospho-Akt1 (p-Akt1, active Akt1, Ser 473) antibody. Exposure to EPO (1Uml�1)
or NO significantly increased p-Akt1 expression. Application of the PI-3K inhibitor wortmannin (100 nm) or LY294002 (LY)
(10mm) was sufficient to block the expression of active p-Akt1 in the presence of EPO during NO (NOC-9, 300 mm) exposure. (C) At
a concentration that blocks activation of p-Akt1 during NO administration (NOC-9 or SNP, 300mm), wortmannin (100 nm) or
LY294002 (10 mm) applied 1 h prior to NO significantly reduced the protective capacity of EPO (1Uml�1) during NO exposure
(*Po0.01 vs NO; wPo0.01 vs EPO). (D) Equal amounts of neuronal protein extracts (50mg per lane) were immunoblotted with
antiphosphorylated Bad (p-Bad, Ser 136) antibody. Exposure to EPO (1Uml�1) or NO significantly increased p-Bad expression.
EPO application further increased phosphorylation of Bad during NO exposure. Application o of the PI-3K inhibitor wortmannin
(100 nm) was sufficient to block the expression of p-Bad in the presence of EPO during NO (NOC-9, 300 mm) exposure. (E, F)
Exposure to NO (NOC-9, 300mm) produced a significant decrease in the red/green fluorescence intensity ratio using a cationic
membrane potential indicator JC-1 within 3 h when compared with untreated control cultures, suggesting that NO results in
mitochondrial membrane depolarization. Application of EPO (1Uml�1) 1 h prior to NO exposure significantly increased the red/
green fluorescence intensity of neurons, indicating that mitochondrial permeability transition pore membrane potential was restored
to baseline (E,F). (G) A representative Western blot with equal amounts of mitochondrial or cytosol protein extracts (50 mg per lane)
were immunoblotted demonstrating that application of EPO (1Uml�1) significantly prevented cytochrome c release from
mitochondria during NO exposure. In (C) and (F), to simplify the figures, the results of the two NO donors were combined. In all
cases, control¼ untreated neurons.
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compared to cultures treated with NO alone, suggesting that

constitutive EPO in neurons is insufficient to protect cells from

injury. Yet, administration of exogenous EPO offers robust

protection against NO exposure that is prevented only with

coapplication of the EPO Ab, illustrating that EPO provides

necessary and sufficient protection against neuronal injury.

The work also demonstrates that the inability of constitutive

EPO to provide neuronal protection is not a result of a

functionally deficient EPOR following a neuronal insult, but

more likely associated with insufficient concentrations of

constitutive EPO since exogenous EPO can utilize the EPOR

to achieve neuroprotection.

EPO offers intrinsic neuronal protection not only through

the maintenance of intact genomic DNA, but also through

extrinsic mechanisms by inhibiting neuronal membrane PS

exposure. In several cell systems, membrane PS externalization

functions to identify cells that have entered the early stages of

apoptosis and to expedite the elimination of these cells through

phagocytosis (Rucker-Martin et al., 1999; Maiese & Vincent,

2000; Fadok et al., 2001). Exposure of neuronal membrane PS

residues can promote cell-to-cell interactions and lead to the

‘tagging’ of neurons for removal by microglia that require

increased PSR expression on their cell surface (Hoffmann et al.,

2001). Prevention of membrane PS exposure provides an

additional mechanism to avert neuronal cell injury and death.

Our present work provides further insight into the ability of

EPO to protect cells from inflammatory injury and phagocytic

removal. Prior studies have demonstrated the early shedding of

annexin V-binding membrane particles that are complemen-

tary to membrane PS residues during apoptotic cellular injury

(Simak et al., 2002). We demonstrate that EPO provides strong

protection against neuronal membrane PS exposure and

possible shedding of membrane PS particles during free radical

injury. In addition, we illustrate that media from cells exposed

to a toxic injury with NO directly lead to the induction of both

microglial activation and microglial PSR expression. Yet,

media taken from cells that have been treated with EPO during

NO exposure lead to a significant reduction in the activation of

microglia and the expression of microglial PSRs. Taken

together, our work provides strong evidence that modulation

of neuronal membrane PS exposure and complementary

microglial activation with PSR expression by EPO is

biologically relevant and enables EPO to inhibit phagocytosis

of neurons.

Protection by EPO in the central nervous system is mediated

through a series of cellular pathways that maintain intricate

links between one another. At an initial level, the protein Akt1

appears to be important to preserve neuronal function and

integrity during toxic injury paradigms. In our neuronal

cultures, endogenous activation of Akt1 during NO provides

a minimum level of protection, since inhibitors of PI-3K

activity, such as wortmannin or LY294002, can lessen survival
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Figure 6 EPO protects neurons from injury through the modulation of caspase 8, caspase 1, and caspase 3-like activities. (a)
Neurons were exposed to NO (NOC-9 or SNP, 300mm) and caspase 8-, caspase 1-, and caspase 3-like activities were assessed 12 h
later through their respective colorimetric substrates. Pretreatment with EPO (1Uml�1) or the caspase inhibitors (C-I, 50 mm) for
caspase 8 (IETD), caspase 1 (YVAD), and caspase 3 (DEVD) 1 h prior to NO significantly inhibited the increase in the activity of
caspase 8, caspase 1, and caspase 3 induced by NO (*Po0.01 vs NO). (b) Neurons were pretreated with EPO (1Uml�1) alone or in
combination with an inhibitor of caspase 8 (IETD, 50 mm), caspase 1 (YVAD, 50 mm), or caspase 3 (DEVD, 50 mm). No enhanced or
synergistic protection was observed during the application of each caspase inhibitor combined with EPO when compared with
cultures exposed to EPO and NO alone. (c) Neurons were pretreated with a caspase 8 inhibitor (IETD, 50 mm), a caspase 1 inhibitor
(YVAD, 50 mm), or a caspase 3 inhibitor (DEVD, 50 mm) 1 h prior to NO (NOC-9 or SNP, 300mm) and DNA fragmentation with
TUNEL was determined 24 h following NO exposure (*Po0.01 vs NO). (d) Neurons were pretreated with a caspase 8 inhibitor
(IETD, 50 mm), a caspase 1 inhibitor (YVAD, 50 mm), or a caspase 3 inhibitor (DEVD, 50 mm) 1 h prior to NO (NOC-9 or SNP,
300mm) and membrane PS exposure with annexin V PE was determined 24 h following NO exposure (*Po0.01 vs NO). In all cases,
to simplify the figures, the results of the two NO donors were combined and control ¼ untreated neurons.
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during these injury paradigms. In regards to EPO, we

demonstrate that it independently phosphorylates and in-

creases the activation of Akt1 in neurons similar to its capacity

to activate Akt1 in erythroid progenitors (Haseyama et al.,

1999; Uddin et al., 2000). EPO appears to be dependent upon

the activation of Akt1 to prevent neuronal injury, since

prevention of Akt1 phosphorylation with inhibitors of PI-3K

activity significantly reduces the ability of EPO to protect

neurons. This protection by EPO also is closely linked to the

phosphorylation of Bad at Ser136, a downstream substrate of

Akt1. In other cell systems, phosphorylation of Bad at Ser136

precipitates an interaction with the cytosolic 14-3-3 protein

resulting in the liberation of the antiapoptotic protein Bcl-2/

Bcl-xL (Hsu et al., 1997; Blume-Jensen et al., 1998). Either

alone or during NO exposure, we illustrate that EPO in

neurons significantly increases the phosphorylation of Bad

that can be prevented by PI-3K inhibition. Taken together,

these results support the premise that EPO fosters neuronal

survival, at least in part, through the enhanced activity of

Akt1.

Absence of Akt1 activation results in a partial decrease in

the protective capacity of EPO, suggesting that alternate

cellular pathways are responsible for the mediation of

neuronal protection by EPO. One pathway that is closely

associated with Akt1 activation is the modulation of mito-

chondrial membrane potential (Kennedy et al., 1999). Mito-

chondrial-mediated apoptosis can be initiated by free radical

injury and result in the cytoplasmic release of cytochrome c

(Bal-Price & Brown, 2000; Chong et al., 2002b). In our present

studies, we demonstrate that the free radical NO leads to the

depolarization of the mitochondrial membrane in neurons

with the subsequent release of cytochrome c. Consistent with

clinical studies that demonstrate preserved mitochondrial

function as a result of EPO administration (Miro et al.,

2002), our studies illustrate that EPO directly maintains

mitochondrial membrane potential and prevents the release

of cytochrome c.

Central to the changes in mitochondrial membrane potential

during neuronal injury is the induction cysteine protease

activity. Earlier studies suggested that prevention of apoptosis

in erythroid progenitor cells may be associated with modula-

tion of caspase activity by EPO (Gregoli & Bondurant, 1999).

The ability of EPO to modulate caspase 1-, caspase 3-, and

caspase 8-like activities appears to play a critical role in the

protection conferred by EPO. Each of these cysteine proteases

is associated with the independent apoptotic pathways of

genomic DNA cleavage and cellular membrane PS exposure

(Takahashi et al., 1999; Lin & Maiese, 2001). In particular,

caspase 8 can cleave Bid and allow Bid to translocate to

mitochondria to release cytochrome c (Tang et al., 2000).

Subsequently, genomic DNA degradation and membrane PS

exposure can ensue through the activation of caspase 3 and

caspase 1 (Takahashi et al., 1999). Following caspase 8

activation, caspase 3 becomes a prominent mediator of

genomic DNA degradation. Experimental models that use

caspase 3 gene deletions or pharmacological inhibition

illustrate little or no DNA fragmentation following toxic

cellular insults (Keramaris et al., 2000; Lin & Maiese, 2001).

Interestingly, we illustrate that EPO prevents membrane PS

exposure primarily through the inhibition of caspase 8- and

caspase 1-like activities and, to a lesser degree, through caspase

3-like activity. Given that caspase 8 can result in the

downstream activation of caspase 1, caspase 1 is believed to

be principally responsible for the externalization of membrane

PS residues in several cell systems through the digestion of

cytoskeletal proteins, such as fodrin and to be responsible for

microglial phagocytosis (Vanags et al., 1996; Maiese &

Vincent, 2000).

In conclusion, we illustrate that EPO is necessary and

sufficient for the provision of both intrinsic and extrinsic

neuronal protection through a series of specific cellular

pathways (Figure 7). Although endogenous EPO is not

sufficient to maintain cell survival during an acute injury such

as free radical exposure, the administration of exogenous EPO

is critical for significant neuronal protection. EPO provides

broad neuroprotection through the maintenance of both

genomic DNA integrity and cellular membrane asymmetry

that prevents acute cellular injury and subsequent microglial
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Figure 7 EPO prevents neuronal injury through a series of path-
ways that involve Akt1, Bad, and cysteine protease activity.
Following neuronal injury, both caspase 8 and Bad can lead to
the depolarization of the mitochondrial membrane resulting in the
release of cytochrome c. Concurrently, caspase 8 also can activate
caspase 3 to precipitate DNA fragmentation and potentially activate
caspase 1 to yield membrane PS externalization, microglial
activation, and the phagocytic destruction of neurons. The preven-
tion of neuronal apoptosis and microglial phagocytosis by EPO
following its binding to the EPOR during NO.6 exposure can occur
through cellular pathways that involve enhanced Akt1 activity, Bad
phosphorylation, and the maintenance of mitochondrial membrane
stability. Alternatively, EPO may act directly upon cytochrome c,
caspase 8, caspase 3, or caspase 1 to promote neuronal survival
during toxic insults.
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activation that may mediate phagocytic demise. Intimately tied

to this neuronal protection by EPO is the modulation of Akt1

activity, phosphorylation of Bad, mitochondrial membrane

permeability, cytochrome c release, and caspase 1-, caspase 3-,

and caspase 8-like activities.
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